The application of III-V semiconductor alloys in device structures is of importance for high-speed microelectronics and optoelectronics. These alloys have allowed the device engineer to tailor material parameters such as the bandgap and carrier mobility to the need of the device by altering the alloy composition. When using ternary or quaternary materials, the device designer presumes that the alloy is completely disordered, without any correlation between the atoms on the cation (anion) sublattice. However the thermodynamics of the alloy system often produce material that has some degree of macroscopic or microscopic ordering. Short-range ordering occurs when atoms adopt correlated neighboring positions over distances of the order of a few lattice spacings. This can be manifested as the preferential association of like atoms, as in clustering, or of unlike atoms, as in chemical ordering (e.g., CuPt ordering). Long-range ordering occurs over many tens of lattice spacings, as in the case of phase separation. In either short-range or long-range ordering, the band structure and the crystal symmetry are greatly altered.
Introduction
The application of III-V semiconductor alloys in device structures is of importance for high-speed microelectronics and optoelectronics. These alloys have allowed the device engineer to tailor material parameters such as the bandgap and carrier mobility to the need of the device by altering the alloy composition. When using ternary or quaternary materials, the device designer presumes that the alloy is completely disordered, without any correlation between the atoms on the cation (anion) sublattice. However the thermodynamics of the alloy system often produce material that has some degree of macroscopic or microscopic ordering. Short-range ordering occurs when atoms adopt correlated neighboring positions over distances of the order of a few lattice spacings. This can be manifested as the preferential association of like atoms, as in clustering, or of unlike atoms, as in chemical ordering (e.g., CuPt ordering). Long-range ordering occurs over many tens of lattice spacings, as in the case of phase separation. In either short-range or long-range ordering, the band structure and the crystal symmetry are greatly altered. 1 Therefore it is absolutely critical that the mechanisms be fully understood to prevent ordering when necessary or to exploit it when possible.
Composition modulation is a subset of phase separation. The term refers to the spontaneous formation of a phaseseparated, self-organized periodic structure, as appears in Figure 1 . Composition modulation in epitaxial growth has been observed to occur either parallel to (vertical modulation) or perpendicular to (lateral modulation) the growth direction. 1 Vertical modulation has been observed in III-V materials such as InAsSb 2 and in II-VI materials such as ZnSeTe. 3 Lateral modulation has been observed for a wide range of compound semiconductors during homogeneous growth, 1 when all components of the alloy are deposited simultaneously. This phenomenon has also been observed as a result of short-period superlattice growth, 4 " 8 when alternating thin layers of each binary component of the alloy are deposited by molecular-beam epitaxy. The situation resulting from short-period superlattice growth is a particularly interesting case to study since the modulation is very strong and regular. This article will describe the microstructure and optical properties of lateral composition modulation in short-period superlattices, and will present a number of models proposing mechanisms for why it occurs in these films.
Microstructure
Lateral composition modulation in short-period superlattices shows similar microstructure over a range of material systems, including InP m /GaP n on GaAs, 
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InAsi 56 in the [110] projection. The very strong and regular contrast variation across the film corresponds to modulation in composition. Figure 3a shows a corresponding x-ray reciprocal space map around the (224) reflection_with the sample aligned such that the [110] direction is perpendicular to the diffraction plane, as recorded using Cu-Ka x-rays and a position-sensitive detector. 9 Distinct lateral satellites arising from composition modulation are visible on either side of the Bragg reflection of the shortperiod superlattice, with a wavelength of 180 A. Typical modulation wavelengths range from 100 < \ < 200 A, independent of material system, and are often predominantly aligned only along the [110] direction. 4 -8 Figures 2b and 3b show the complimentary transmission electron micrograph and x-ray reciprocal space map of the same AlAs/InAs structure for the orthogonal crystallographic direction. These images show that lateral composition modulation in this material system is also present in the [110] direction with a wavelength of 330 A. The amplitude of the composition modulation is more difficult to determine and varies greatly with the material system. The variation in the indium concentration for an InP/GaP short-period superlattice, for example, was reported to be greater than 20% by energy-dispersive x-ray spectroscopy. 10 The anisotropy of the composition modulation can be explained by the difference in diffusion length in the two (110) directions, brought about by the surface reconstruction of the growth front. For a zinc-blende surface under group-V-rich conditions, the surface reconstruction is (2 X 4 12 This anisotropy in the diffusion favors chemical segregation elongated in this direction. Reflectionhigh-energy-electron-diffraction (RHEED) patterns observed during InAs/GaAs short-period superlattice deposition show similar (2 X 4) reconstructions during InAs and GaAs deposition, resulting in composition modulation predominantly along the [110] direction. For the AlAs/InAs short-period superlattices on the other hand, the RHEED patterns change from (2 X 4) during the InAs deposition to (2 x 1) during the AlAs deposition. 13 This change in surface reconstruction during growth is presumed to alter the diffusion kinetics of the surface. 13 Subsequently, distinct composition modulation is observed in both (110) directions in AlAs/InAs short-period superlattices.
If the surface reconstruction determines the fast and slow diffusion directions, varying the substrate miscut should also alter the diffusion kinetics. By choosing a miscut angle toward the [110] direction, step edges are created parallel to the [110] direction, which suppress the fast diffusion in that direction by acting as an adatom sink. A study by Chen and co-workers 4 of GaP/InP short-period superlattices deposited on 2° disoriented GaAs(OOl) substrates did not show any difference in the degree of composition modulation by TEM. However Yoshida and co-workers 7 do report a dependence of composition modulation on substrate misorientation angle for higher miscut substrates, most likely due to shorter terrace lengths. The driving force for composition modulation in these structures is evident in higher magnification TEM micrographs. Figure 4 shows higher magnification bright-field g = 002 micrographs of two different InAs/AlAs short-period superlattices in the [110] projection. In addition to the lateral contrast due to composition modulation, contrast due to the individual short-period superlattice layers is also resolved. The structure in Figure 4a is nominally lattice-matched to the substrate. The superlattice layers are not flat; they are slightly corrugated. 
Figure 3. X-ray reciprocal space maps in the immediate vicinity of the (a) (224) and (b) (224) reflections for an AlAs ,.44/lnAs 156 short-period superlattice. The lobes to either side of the short-period-superlattice Bragg peak reflect the lateral periodicity due to composition modulation with wavelengths of (a) A ~ 180 A along the [110] direction and (b) A ~ 330 A along the [110] direction.
thermore the corrugation is correlated with the lateral composition contrast. This effect is even more pronounced in the strained short-period superlattice structure (the average In composition of the superlattice layer is 46%) shown in Figure 4b . Here the layers are clearly cusplike in nature, with the notches of the cusps corresponding to an indium composition greater than 52%. 8 In either case, the corrugated morphology and composition modulation were not observed until several periods of the short-period superlattice were deposited, indicating that these phenomena did not originate in the buffer layer but in the superlattice itself. This association of composition modulation with surface undulations has also been observed in homogeneously deposited II-VI alloys.
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Theoretical Considerations
Although the formation of composition modulation is not fully understood, several models have been proposed. In an effort to understand experimental observations of lateral composition modulation, Glas calculated the elastic deformation and elastic energy of an epitaxial layer with a periodic variation in the lattice parameter and determined their effects on the thermodynamic stability of the film. 16 He found that for a critical modulation wavelength of a given film thickness, the elastic energy is minimized. The result is that the critical temperature for spinodal decomposition is higher than the coherent temperature calculated by Cahn. 17 However this increase is not enough to destabilize these films at typical growth temperatures. Therefore it is unlikely that the observed composition modulation results from the decomposition of a homogeneous layer but rather that it occurs at the growth surface.
Cheng, Hsieh, and co-workers 4 " 6 have made some valuable observations regarding the mechanisms of composition modulation in short-period superlattices. They have developed a model referred to as strain-induced lateral ordering (SILO) to explain how composition modulation is initiated. In most cases, composition modulation has been observed in superlattice structures where the constituent binary alloys are strain-balanced to the substrate. For example, InAs and GaAs are both approximately 3.5% latticemismatched with respect to InP(OOl), except that they are opposite in sign. In spite of the rather substantial misfit between the individual layers, a superlattice consisting of one or two integer monolayers of each binary compound is said to be strain-balanced, with a net strain within the structure of zero. Cheng and co-workers observed that composition modulation occurred when the short-period superlattice structure deviated slightly away from the strainbalanced condition. Composition modulation was not observed in samples of (GaAs) n ,/(InAs),, on InP substrates where n = m = 1.0 ML but was observed when n and m deviated from the integer value by approximately ±5%. 18 They postulated that the excess (deficient) adatoms of each deposited superlattice layer would nucleate islands (holes) at the growth front. 4 " 6 The subsequent deposition of the other constituent binary would planarize the layer, but due to the strain field associated with buried islands, 19 it can be shown that new islands (holes) will nucleate between the buried ones. (See Figure 5. ) Thus composition modulation is initiated and continues throughout the growing film.
Although the nucleation-based SILO process may account for the initiation of composition modulation in short-period superlattices, it does not account for the observed surface undulations, modulation wavelengths, and modulation amplitudes. Therefore an additional mechanism must be at work. Linear stability analysis has shown that for a strained film a nonplanar surface is more stable than a flat one. initiated by the SILO process. The lattice can relax stress at the wave crests, but the stress is increased in the troughs, as shown in Figure 6 . The change in strain energy across the surface results in a gradient in the surface diffusion, or chemical potential. In turn, material migrates from the trough to the crest, increasing the amplitude of the perturbation. The increase in surface energy due to roughening, on the other hand, tends to drive material from the crests to the troughs so that the amplitude of the corrugation is decreased. Thus there are competing mechanisms in the stability of the surface: The strain energy is destabilizing, and the interfacial energy is stabilizing. 21 In the case of an alloy where the constituent species have a significantly varying atomic number, the surface undulation can result in composition modulation. In the presence of strain, the composition of the alloy will vary along the undulation direction because large atoms preferentially attach where the lattice is dilated with respect to the substrate and smaller atoms where the lattice is compressed, 21 as illustrated in Figure 6 .
The morphological instability model just described may be plausible, especially in light of the correspondence between morphology and composition modulation shown in Figure 4 . There are difficulties with this analysis however. For example, effects due to surface reconstruction, surface steps, faceting, and interfaces are not addressed by this continuum model. Other models are being developed to accommodate these shortcomings. Srolovitz and co-workers are extending linear stability analysis for multilayer structures, 22 and Tersoff has developed a framework that considers composition modulation during stepflow growth. 23 
Optical Properties
Composition modulation is expected to have a number of interesting effects on optical properties. Photoluminescence spectroscopy performed on compositionally modulated short-period superlattices yields information on the band-edge states of the structure. By examining the polarization dependence of the emission, the extent of lateral confinement can be gauged. This is accomplished by a technique called polarized photoluminescence, which is similar to conventional photoluminescence with the addition of a polarization analyzer placed in front of the spectrometer and oriented either parallel or perpendicular to the composition-modulation direction. photoluminescence spectrum taken at 8 K from a compositionally modulated InAs/GaAs short-period superlattice with a modulation wavelength A ~ 130 A. In this case, the emission energy occurs at 0.759 eV, with a polarization ratio of 10.3 to 1. In addition to the strong polarization, the emission energy itself is an important indicator of composition modulation. For a random alloy of InGaAs at the same average composition (In composition x = 0.48), the emission energy is expected to be 0.860 eV, 100-meV higher than the measured value. It is tempting to attribute this shift to radiative recombination in the lower bandgap In-rich regions. However such an assumption does not take into account the effects of strain and quantum confinement. Polarized emission can result from any effect that breaks the crystal symmetry of the film. Therefore other phenomena such as local ordering can also produce strong polarization of the emission energy, 24 making this measurement difficult to interpret explicitly.
Magnetoluminescence has been recently shown as an additional diagnostic tool to observe the presence of composition modulation. 25 In undoped semiconductors, a Coulomb interaction between the conduction-band electron and a valence-band hole can form a hydrogenictype bound state, referred to as an exciton. From first-order perturbation calculations, the diamagnetic shift of this exciton can be shown to be proportional to the square of the magnetic field and inversely proportional to the cube of the reduced mass. The experiment is performed by measuring the exciton diamagnetic shift in the three principle directions: (1) along the growth direction, (2) perpendicular to the growth direction and parallel to the composition modulation, and (3) perpendicular to both the growth direction and composition modulation. The shift in emission energy as a function of magnetic field for the direction perpendicular to the composition modulation was found to be about 50% larger than for the other two orientations. Although the exact nature of the changes in the band structure due to composition modulation are not yet quantified, qualitatively the magnetoexciton shifts provide a good signature for the presence of composition modulation.
Conclusions
Lateral composition modulation in short-period superlattices has been shown to be very regular (with wavelengths 100 < A < 400 A), strong (composition amplitudes ±10%), and highly anisotropic (predominately aligned along the [110] direction). There is evidence that the morphology of the growth front is strongly correlated to the composition modulation, suggesting that the morphological profile is related to composition modulation. These unique, spontaneous nanostructures modify the electronic band structure and provide a new approach to band-structure engineering. A variety of low-dimensional devices can benefit from lateral composition modulation. Quantum wells comprised of modulated material form quantum wires and dots, with carriers confined in 27 and temperature stability 28 than conventional quantum-well lasers.
Lateral composition modulation in short-period superlattices is just beginning to be understood. As this understanding grows, the device engineer will be able to exploit lateral composition modulation in device designs. With time the lessons learned from this phenomenon will be applied to the larger issues of alloy uniformity and ordering in general. 
